We use multiphoton quantum-control spectroscopy to discriminate between unbound and enzyme-bound NADH (reduced nicotinamide adenine dinucleotide) molecules in solution. Shaped ultrafast laser pulses are used to illuminate both forms of NADH, and the ratio of the fluorescence from the bound and unbound molecules for different pulse shapes allows us to measure binding without spectrally resolving the emitted fluorescence or relying on the absolute fluorescence yield. This permits determination of enzyme binding in situations where spectrally resolved measurements and absolute fluorescence yields are difficult to obtain, and makes the approach ideal for multiphoton microscopy with molecular discrimination. References and links 1. P. Brumer and M. Shapiro, "Control of unimolecular reactions using coherent light," Chem. Phys. Lett. 126, 541-546 (1986). 2. D. J. Tannor, R. Kosloff, and S. A. Rice, "Control pulse sequence induced control of selectivity of reactions:
Introduction
Over the past two decades, the field of coherent control has developed with the goal of preparing molecules in specific quantum states [1] [2] [3] [4] . Just as light diffracting from two slits can interfere to produce dark and bright bands on a distant screen (such as in a "Young's double-slit experiment"), interference between multiple quantum paths to a final state in the molecular excitation process can result in selective excitation of one molecule or molecular state over another. Coherent control over quantum systems is typically achieved by varying the phase of the laser light used for excitation, either by changing the phase between two laser beams or shaping broadband light from an ultrafast laser pulse. The shaping is accomplished with an ultrafast pulse shaper, in which frequency components comprising the pulse are each mapped to a unique point in space using a diffraction grating and focusing optic. A programmable mask (such as a liquid crystal display or acousto-optic modulator) is used to adjust the phase and amplitude of each spatially-resolved frequency component before they are reassembled using a second optic and grating [5, 6] . Because the electric field in time can be expressed in terms of its frequency components, shaping the pulse in the frequency domain allows for the creation of an arbitrary pulse in time within the bandwidth limits of the laser and pulse shaper. With a programmable mask, one can switch between pulse shapes rapidly, enabling fast pulse shape scans, as well as closed-loop control experiments [7] , where an iterative approach is used to discover pulse shapes well-suited to preparing a desired quantum state of the system.
Parallel advances in cellular imaging techniques have revolutionized our ability to study complex biological and chemical processes. In particular, the development of multiphoton imaging [8] [9] [10] has greatly expanded applications of microscopy in biochemical systems, while imaging with techniques such as coherent anti-Stokes Raman (CARS) microscopy [11] [12] [13] [14] [15] [16] has allowed for chemical selectivity in microscopic samples. CARS microscopy with shaped laser pulses is one particular example of "quantum-control spectroscopy," in which a molecular response is measured as a function of pulse shape, rather than the frequency of a single excitation source [17] . While both fields have advanced greatly, applications of coherent control toward cellular imaging have come only recently, despite the fact that pulse shaping has several advantages for imaging living cells, including the inherent compensation of pulse broadening (chirp) that reduces image quality and suppression of three-photon absorption, a major cause of photodamage in multiphoton imaging [18, 19] . The few papers that have been published provide proof-of-principle, showing, for example, that coherent control can discriminate between endogenous cell fluorescence and green fluorescent protein (GFP) in drosophila embryos [20, 21] , or selectively excite GFP in a pH-dependent manner [19] . However additional control experiments suggest that coherent control has the potential to become an even more powerful component of multiphoton imaging. For example, intramolecular selectivity has been demonstrated [18, 22, 23] , as well as selectivity between separate molecules with almost identical single-photon excitation spectra [23] [24] [25] [26] .
In this paper we use quantum-control spectroscopy to discriminate between unbound and enzyme-bound forms of the metabolically important, intrinsically fluorescent biomolecule NADH (reduced nicotinamide adenine dinucleotide) [27, 28] . By exciting the sample with two pulse shapes in succession, we are able to rapidly determine enzyme binding of NADH without needing to measure the fluorescence spectrum or absolute yield. As discussed in more detail below, the approach is ideal for multiphoton microscopy with molecular discrimination and should be generally applicable to any fluorescent biological or chemical molecule that can be two-or three-photon excited by near-infrared light.
Experimental approach
We use laser pulses from an amplified Titanium Sapphire laser system that produces approximately 30 fs pulses at 1 kHz repetition rate centered at 780 nm. The pulses are shaped in an acousto-optic modulator based pulse shaper [5] , split with a 50/50 beamsplitter, and directed into either one or two cuvettes. Most of the measurements were carried out with focal intensities on the order of 1 × 10 11 W/cm 2 , although measurements at lower intensities showed identical results. The cuvettes contain solutions of either NADH alone in Trizma buffer, or NADH plus an enzyme in 3.2 M ammonium sulfate solution and Trizma buffer. We measure fluorescence from the two-photon excited molecules with two photomultiplier tubes (PMTs) by collecting light from the cuvettes at 90 degrees with respect to the laser propagation axis. Schott BG39 filters and high-reflecting dielectric mirrors at 780 nm are placed in front of the PMTs to eliminate Rayleigh scattering from the excitation laser. The experimental apparatus is shown schematically in Fig. 1 .
The single-photon spectral characteristics of NADH relevant to the experiment are shown in Fig. 2 . The left panel plots the one-photon absorption spectrum of NADH alone, as well as NADH bound to the enzyme malate dehydrogenase (MDH); upon binding to MDH, the absorbance both increases and shifts slightly to the red, from 340 nm to 348 nm. The right panel shows the one-photon fluorescence spectrum for both unbound and enzyme-bound NADH; upon binding to MDH, the emission both strengthens and shifts slightly to the blue, nearing 450 nm center wavelength after one-photon excitation at 385 nm. The two-photon absorption profile of NADH has also been measured, and it shows a strong peak that extends from below 700 nm to 800 nm [27, 29] . After two-photon excitation it fluoresces over a broad (∼ 30 nm) band centered near 460 nm (although not required, tuning the laser further to the blue would produce a substantial increase in signal).
Our goal is to discriminate between samples containing either unbound or enzyme-bound NADH using shaped pulses, and the particular pulse shapes we use for discrimination involve a spectral phase step of π radians at a given location within the bandwidth of the excitation pulse, leaving the spectral amplitudes unchanged (see inset of Fig. 1 ). Specifically, we monitor fluorescence from both pure NADH and NADH-plus-enzyme as the position of the π-phase step is scanned across the laser bandwidth. This parametrization is motivated by applications in atomic physics, where a π change in the spectral phase near a two-photon resonance keeps all frequency components contributing constructively to the transition probability [30] ; similar schemes have been used for both higher-order perturbative transitions as well as strong-field effects (see for example [31, 32] ).
To see the effect of a π-phase step on the pulse, Fig. 3 shows second-harmonic generation, frequency-resolved optical gating (SHG-FROG) plots [33] for both an unshaped pulse (left panel) and for a pulse with a π-phase step located in the center of the spectrum (middle panel). The right panel shows the second-order power spectrum for pulses with a π-phase step at two different locations corresponding to the data shown in Fig. 4 . More discussion of this panel is given below. In the limit of a narrow, two-photon atomic transition, such a scan produces a broad decrease in the fluorescence as the phase step scans across the laser bandwidth. However when the step is positioned at the two-photon resonance, spectral components both above and below the transition frequency contribute constructively, and the fluorescence once again increases to that of an unshaped pulse. This result can also be understood by considering the second-order power spectrum of the pulse, or the Fourier transform of the square of the electric field in time: F E 2 (t) . In the perturbative limit, the second-order power spectrum can be compared to the two-photon absorption spectrum to determine the excitation probability. A π-phase step has the property of producing a narrow spike in the two-photon spectrum at the position of the step (see Fig. 3 right panel) [34] . When the π-phase step is at the position of the resonance, the spectral density of the two-photon power spectrum at the position of the step is the same as for an unshaped pulse, thereby producing equivalent fluorescence.
In the inhomogeneously-broadened limit that often arises for large molecules in solution (where the molecular absorption line is much wider than the laser bandwidth), the central coherent spike at the resonance is suppressed and the scan resembles a relatively featureless single dip in the fluorescence [30] . We find that data from NADH in both its unbound and enzymebound forms appears to lie somewhere between these two extreme cases, and slightly different response curves between the two forms imply that a ratio of the signals can easily distinguish between them. are the equilibrium molar concentrations of NADH, MDH, and NADH bound to MDH, respectively. The net result is that we find the short-wavelength minimum becomes less pronounced as the enzyme concentration increases.
Results and discussion
Although the detailed structure of the curves shown in Fig. 4 was sensitive to pulse chirp and the shape of the laser spectrum, the monotonic increase in this ratio was consistent over several separate measurements. As an aside, since we are imaging fluorescence from a thick sample (path length 10 mm), the pulse undergoes moderate dispersion within the sample and a perfectly transform-limited pulse is not preserved. This would not be the case in a microscopic environment with 3D excitation, and we expect the detailed structure of the curves to be less sensitive to pulse chirp. Either way, the control was unaffected by these day-to-day changes. This monotonic behavior allows one to exploit the fluorescence ratio from two different pulse shapes to determine the extent of enzyme binding in the laser focus. A natural choice for this experiment would be the pulse shapes located at each of the two minima in the π-phase scan; as can be seen in Fig. 5 , the pulse shape producing the short-wavelength minimum ("left dip") selectively excites the enzyme-bound form as compared to the pulse shape producing the longwavelength minima ("right dip"). While a complete understanding of the mechanism is not required to utilize the control in a microscopy environment, we consider one possible mechanism for the discrimination. Given the discussion above, the two-photon power spectrum of the pulse is a natural starting point. As as example, the right panel in Fig. 3 shows the two-photon power spectrum for a representative pulse with no spectral phase, as well as two shaped pulses with π-spectral phase steps at the two positions suggested in Fig. 4 (768 and 779 nm) . Moving the step position to the blue or red changes where the spectral density in the second-order spectrum lies, suggesting that tuning the second-order spectrum could explain the observed control. In order to determine whether the two-photon power spectrum of our pulses is driving the discrimination, we need to know the two-photon absorption spectrum of both NADH and MDH-bound NADH. Although these have been measured [36] , the resolution and signal-to-noise levels in available data are insufficient to either confirm or exclude this as a possible control mechanism. We note that a π-phase step is another example of quantum-control spectroscopy, where phase shaping in a spectrallyresolved, Fourier-based shaper is used to tailor the non-linear spectrum of a pulse. It may be that approaches like this can serve as complementary methods for measuring such quantities as two-photon absorption profiles.
An alternative way of highlighting selectivity between unbound and enzyme-bound forms in the face of laser or other noise is to examine histograms for the ratio of fluorescence for two different pulse shapes. Figure 6 shows histograms for measurements with NADH alone (pink shaded) and NADH with MDH (solid blue) using pulse shapes that were chosen for discrimination based on Fig. 4 (π-phase steps at 768 nm and 779 nm). Each histogram shows the number of measurements recorded that resulted in a given ratio of fluorescence for the two pulse shapes. Although the values of the actual dip ratios may change day-to-day, we find that for a given laser spectrum the ratios depend only on the enzyme concentration.
The histograms are separated by many standard deviations, illustrating that the two pulse shapes permit easy discrimination between the different forms of NADH even in the face of laser and sample fluctuations. This should be particularly useful in the broader research area of discrimination-based microscopy. Specifically, our results show promise for microscopy experiments where changes in molecular function or transformation (e.g. enzyme binding) need to be monitored in real time. Rapidly switching between pulse shapes with software modifications allows one to discriminate between molecular subspecies on a near shot-by-shot basis. Although the degree of control in a given trial may be modest, the experiment readily achieves the essential feature of control exceeding the noise that is required for discrimination. For example, as Fig. 5 illustrates, we are sensitive to binding fractions as low as 3%, with the sensitivity largely limited by the amount of signal averaging that one is able to perform. This selectivity enables one to create high-contrast fluorescent images of samples containing multiple fluorophores. We expect this approach to be very general, and in cases where simple pulse shape parameterizations such as the one above are insufficient, a feedback approach [7] should allow for even wider applicability. Finally we note that the observed control is not sensitive to the energy of the input pulse. As long as the intensity is sufficient to observe two-photon fluorescence, pulse shapes chosen from the two minima produced selective excitation of either the unbound or enzyme-bound form.
Conclusion
In conclusion, we have shown how pulse shaping in conjunction with multiphoton absorption can be used to distinguish between unbound and enzyme-bound biomolecules in solution. The control exploits different responses between the two forms to spectral phase shaping, and the results are promising for the prospect of discrimination based microscopy. We gratefully acknowledge support from the National Science Foundation under Grant No. 0854922 and Dickinson College. We also thank Suzanne Scarlatta, Mark Bowen, and Alexander Orlov at Stony Brook University for the generous use of a spectrofluorometer and a spectrophotometer. Histograms showing the ratio of fluorescence between two pulse shapes for both unbound NADH (pink shaded) and enzyme-bound NADH (solid blue). The clear distinction between the peaks implies easy selectivity between the two forms of NADH. The peaks were constructed from 100 measurements, with 500 laser shots contributing to each measurement.
Powdered NADH was first mixed into Trizma solution to reach the desired molar concentration. MDH in 3.2 M ammonium sulfate solution was then mixed into the buffered NADH solution to reach the stated molar concentrations. Although the fraction of NADH that is enzyme bound in a particular mixture is a function of the respective molar concentrations, for simplicity we refer to the solution containing both NADH and MDH as "bound" NADH. For typical data shown in the paper, we expect the sample to have an actual binding fraction of approximately 40%.
